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FIELD OF THE INVENTION 

[0001] The invention relates to cantilevers and imaging 
methods for use in atomic force microscopy and, in particular, to 
a scanning probe cantilever and imaging methods using the 
cantilever for imaging at higher harmonic modes of the excitation 
frequency in Tapping -Mode Atomic Force Microscopy. 

DESCRIPTION OF THE RELATED ART 

[0002] Atomic force microscope (AFM) has proven to be an 
exceptionally useful tool for mapping the topography of surfaces 
at the nanoscale. In an AFM, a flexible cantilever with an 
atomically sharp tip is brought to the vicinity of a sample 
surface and the deflections of the cantilever as a result of the 
attractive and repulsive forces between the tip and the sample 
are monitored while the cantilever is scanned across the surface. 

[0003] The earliest AFM imaging techniques required continuous 
contact between the tip and the sample, which resulted in 
frictional forces that damage both the tip and the sample. To 
overcome this issue, dynamic imaging techniques that do not 
require continuous tip-sample contact have been introduced. Among 
these, tapping-mode atomic force microscope (TM-AFM) has become 
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the most widely used. Figure 1 is a generalized schematic diagram 
of a tapping-mode atomic force microscope. Figure 2 is a 
generalized diagram of a conventional rectangular cantilever 
which can be used in the atomic force microscope of Figure 1. 
Typically, a cantilever includes a cantilever arm projecting from 
a base. A probe tip is positioned near the free end of the 
cantilever arm. 

[0004] In the TM-AFM of Figure 1, the cantilever is vibrated 
at a frequency close to one of its flexural resonances, typically 
the fundamental resonance frequency, in vicinity of the sample 
surface so that the tip makes intermittent contacts (tapping) 
with the surface once in every oscillation period. During the 
scan across the surface, the amplitude of vibration is maintained 
at a constant value through a feedback loop that adjusts the 
height of the cantilever base. Specifically, a light beam and . a 
photodetector are used to measure the motion of the cantilever at 
the driving frequency. The feedback signal therefore reflects the 
topography of the surface. In Figure 1, the feedback loop 
includes an optical lever detection system and a feedback 
controller. 

[0005] Apart from high-resolution topography imaging, there 
has been a great deal of interest in using AFM as a tool to probe 
the hardness and elasticity of a sample at the nanoscale. Imaging 
of elastic properties enables detection of variations in chemical 
composition across the surface, characterization of thin films, 
and studies of nanomechanical structures in general. With an AFM, 
one can measure the contact stiffness between the nano-tip and 
the sample, which is a measure of the elasticity of the material 
in the vicinity of the contact. Among these techniques, the 
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quasi -static techniques apply force to the sample and measure the 
indentation of the surface simultaneously, and the dynamic 
techniques either vibrate the cantilever or the sample and 
measure variations in the response to the cantilever which is 
affected by the elasticity of the sample. Although some of these 
techniques are sensitive to some extent, they require continuous 
tip-sample contact and therefore, they pose the same problems 
with the contact -mode imaging. Such techniques are not suitable 
for imaging soft samples like biological samples and polymers. 
The techniques that have been demonstrated also have not achieved 
sufficient sensitivity and simplicity for practical imaging. 

[0006] In TM-AFM, it has been shown that the phase of the 
cantilever vibration is directly related to the energy 
dissipation during the tip-sample contact. The energy dissipation 
during the contact is a material dependant quantity and 
therefore, phase imaging in TM-AFM provides a good opportunity to 
image material variations across the sample surface. However, the 
mechanism of energy dissipation is not totally understood and it 
is known that several different phenomena are involved in the 
process of energy dissipation. Therefore, the ability of tapping- 
mode atomic force microscopy to extract material properties is 
limited. 

[0007] Studies of cantilever dynamics in TM-AFM have shown 
that the vibration spectrum of tapping cantilevers exhibit peaks 
at integer multiples (higher harmonics) of the excitation 
frequency where the excitation frequency is generally the 
fundamental resonance frequency of the cantilevers. These 
harmonics are generated by the nonlinearity of the tip- sample 
interaction and carry information about the mechanical properties 
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of the sample on a nanometer spatial scale. Imaging with these 
higher harmonics has been demonstrated and the result has shown 
good contrast based on material properties. Unfortunately, the 
vibration amplitudes of traditional AFM cantilevers at higher 
harmonics are too small for practical AFM imaging. Specifically, 
the signals at higher harmonics are 20-30 dB lower than the 
signal at the driving frequency of the cantilever. Thus, the 
resolution of imaging using the higher harmonics signals is 
severely limited. 

[0008] Therefore, it is desirable to provide an apparatus or 
method which can enable non- destructive measurement of elasticity 
on both soft and hard samples using higher harmonic signals in a 
TM-AFM microscope. 

SUMMARY OF THE INVENTION 

[0009] According to one embodiment of the present invention, a 
cantilever for use in a tapping-mode atomic force microscope 
includes a cantilever arm having a fixed end and a free end and a 
probe tip projecting from the cantilever arm near the free end. 
The cantilever arm has a fundamental resonance frequency at a 
fundamental mode and at least one higher order resonance 
frequency and the cantilever arm has a shape selected to tune the 
fundamental resonance frequency or a resonance frequency of a 
selected higher order mode so that the resonance frequency of the 
selected higher order mode and the fundamental resonance 
frequency has an integer ratio. 

[0010] In one embodiment, the resonance frequency of the 
selected higher order mode and the fundamental resonance 
frequency have an integer ratio or a ratio slightly below or 



slightly above an integer ratio, such as within 2% of the integer 
ratio. Thus, the integer ratio includes whole numbers and 
fractional numbers slightly greater than or less than the nearest 
whole numbers so that when the cantilever is driven at a driving 
frequency at or slightly below or slightly above the fundamental 
resonance frequency, the resonance frequency of the selected 
higher order mode is an integer multiple of the driving 
frequency. 

[0011] In another embodiment, the free end of the cantilever 
arm has a second shape selected to tune the fundamental resonance 
frequency of the cantilever to a value that is integer divisible 
of the resonance frequency of the selected higher order mode. 

[0012] In yet another embodiment, the cantilever arm includes 
a first geometric feature disposed at a predefined location of 
the cantilever arm. The first geometric feature operates to 
modify the mass of the cantilever arm at the predefined location 
to tune the fundamental resonance frequency or the resonance 
frequency of the selected higher order mode of the cantilever so 
that the fundamental resonance frequency and the resonance 
frequency of the selected higher order mode has an integer ratio. 

[0013] In one embodiment, the geometric feature is a mass 
removal region operating to remove mass from the cantilever arm 
at a high mechanical bending stress region of the selected higher 
order mode. In another embodiment, the geometric feature is a 
mass addition region operating to add mass to the cantilever at a 
high mechanical bending stress region of the selected higher 
order mode. 
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[0014] According to another aspect of the preset invention, a 
method of operating a tapping-mode atomic force microscope for 
detecting material properties on the surface of a sample 
includes: providing a cantilever having a cantilever arm and a 
probe tip formed on a free end of the cantilever arm, the 
cantilever arm having a shape selected to tune the fundamental 
resonance frequency or a resonance frequency of a selected higher 
order mode so that the resonance frequency of the selected Higher 
order mode and the fundamental resonance frequency has an integer 
ratio, vibrating the cantilever at or near the fundamental 
resonance frequency with a predetermined oscillation amplitude, 
bringing the cantilever to the vicinity of the sample, tapping 
the surface of the sample repeatedly using the probe tip, and 
detecting changes in the phase of the frequency of the selected 
higher order mode as the cantilever is deflected in response to 
features on the surface of the sample. 

[0015] According to yet another aspect of the present 
invention, a cantilever for use in a tapping-mode atomic force 
microscope includes a cantilever arm having a fixed end and a 
free end and a probe tip projecting from the cantilever arm. The 
probe tip is positioned at a location of minimum displacement of 
a selected mode of the cantilever for suppressing the harmonics 
generated by the selected mode. 

[0016] According to another aspect of the present invention, a 
method of operating a tapping-mode atomic force microscope for 
detecting material properties on the surface of a sample includes 
providing a cantilever having a cantilever arm and a probe tip 
formed on a free end of the cantilever arm, vibrating the 
cantilever at or near the fundamental resonance frequency with a 
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predetermined oscillation amplitude, bringing the cantilever to 
the vicinity of the sample, measuring the amplitude of the 
cantilever vibrations at a selected higher order harmonic of the 
fundamental resonance frequency, and detecting an increase in the 
amplitude of the cantilever vibrations at the selected higher 
order harmonic to indicate that the probe tip of the cantilever 
has engaged the sample surface. 

[0017] The present invention is better understood upon 
consideration of the detailed description below and the 
accompanying drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] Figure 1 is a generalized schematic diagram of a 
tapping-mode atomic force microscope. 

[0019] Figure 2 is a generalized diagram of a conventional 
rectangular cantilever. 

[0020] Figure 3 includes Figure 3 (a) which illustrates the tip 
displacement with respect to sample surface (dashed line) in a 
typical TM-AFM and Figure 3 (b) which illustrates the tip-sample 
interaction forces . 

[0021] Figure 4 plots the magnitudes of the tip sample 
interaction forces and the corresponding Fourier spectrum of 
forces for 4% (Figure 4(a)), 8% (Figure 4(b)), and 12% (Figure 
4 (c) ) contact times . 

[0022] Figure 5 is the transfer function of a typical AFM 
rectangular cantilever whose fundamental resonance frequency is 
normalized to 1. 
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[0023] Figure 6 illustrates the mode shapes of the 1st, 2nd, 
and 3rd modes of the conventional rectangular cantilever of 
Figure 2 . 

[0024] Figure 7 illustrates a harmonic cantilever according to 
one embodiment of the present invention. 

[0025] Figure 8 illustrates the first three flexural mode 
shapes of the harmonic cantilever of Figure 7. 

[0026] Figure 9 illustrates a harmonic cantilever according to 
another embodiment of the present invention. 

[0027] Figure 10 illustrates the process steps for forming the 
harmonic cantilever of Figure 9 according to one embodiment of 
the present invention. 

[0028] Figure 11 is the vibration spectrum of the harmonic 
cantilever of Figure 9 in tapping-mode AFM. 

[0029] Figure 12, including Figures 12(a) and 12(b), 
illustrates the spectra of the vibrations of the harmonic 
cantilever around the 15 -17 th harmonics of the driving frequency 
in tapping-mode atomic force microscopy. 

[0030] Figures 13-19 illustrate harmonic cantilevers 
incorporating different forms of geometric features according to 
alternate embodiments of the present invention. 

[0031] Figure 20 illustrates a harmonic cantilever according 
to an alternate embodiment of the present invention. 
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[0032] Figure 21 illustrates a cantilever where the probe tip 
is placed at a location operative for suppressing the unwanted 
second resonance mode. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0033] In accordance with the principles of the present 
invention, a harmonic cantilever has a higher order eigenmode 
that resonates at an integer multiple of the fundamental 
resonance frequency of the cantilever. The harmonic cantilever of 
the present invention enables sensing of nonlinear mechanical 
interactions between the atomically sharp tip at the free end of 
the cantilever and a surface with unknown mechanical properties 
in tapping-mode atomic force microscopy (TM-AFM) . Specifically, 
the harmonic cantilever of the present invention enables TM-AFM 
imaging at higher harmonics by mechanically amplifying the higher 
eigenmode vibrations and thereby increasing the resolution of 
imaging at higher order modes. In one embodiment, the ratio of 
the fundamental resonance frequency and the resonance frequency 
of a higher eigenmode of the harmonic cantilever of the present 
invention is tuned to be an integer value or near integer value 
to enable amplification of the higher eigenmode vibrations. 

[0034] The ratio of the fundamental resonance frequency and 
the resonance frequency of a higher eigenmode of the harmonic 
cantilever of the present invention can be tuned to an integer 
value by either tuning the fundamental resonance frequency to be 
an integer divisible of the resonance frequency of the selected 
higher order mode or tuning the resonance frequency of the 
selected higher order mode to be an integer multiple of the 
fundamental resonance frequency. In one embodiment, the 
fundamental resonance frequency or the resonance frequency of the 
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selected higher order mode of the cantilever is tuned by 
introducing geometric features to specific locations of the 
cantilever arm. The geometric features operate to modify the 
effective spring constant and/or the effective mass of the 
cantilever, thereby modifying the resonance frequency of the 
desired mode (the fundamental mode or a higher order mode) . In 
an alternate embodiment, the fundamental resonance frequency of 
the cantilever is tuned by selecting a specific shape for the 
cantilever arm. 

[0035] In conventional cantilevers, the resonance frequencies 
of the higher order modes are located arbitrarily in the 
frequency domain. As a result, the higher order harmonics cannot 
excite the higher resonance frequencies efficiently. However, the 
harmonic cantilever of the present invention is configured so 
that the resonance frequency of a higher order mode is an integer 
multiple of the fundamental resonance frequency. Since the 
higher harmonics are located at integer multiples of the driving 
frequency that is at or near the fundamental resonance frequency, 
efficient resonant excitation can occur when the ratio of the 
frequencies of a higher order mode and fundamental mode is tuned 
to an integer value. 

[0036] In operation, the cantilever is driven either at the 
fundamental resonance frequency or at a driving frequency 
slightly blow or slightly above the fundamental resonance 
frequency and still be within the resonance peak. Therefore, the 
ratio of the resonance frequencies of the fundamental mode and 
the selected higher order mode can be an integer value or near 
integer value. In the present description, when the frequency 
ratio between the higher order mode and fundamental mode is 
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described as being an integer value, it is understood that the 
"integer value" for the frequency ratio can include whole numbers 
or fractional numbers slightly greater than or less than the 
nearest whole numbers. In one embodiment, when the frequency 
ratio between the higher order mode and fundamental mode is 
described as being an integer value, the frequency ratio can have 
values that are whole numbers or fractional numbers that are 
within 2.0% of the nearest whole numbers. 

[0037] In practical application, the cantilever is usually 
driven at a driving frequency slightly below the fundamental 
resonance frequency but still be within the resonance peak. This 
is done to improve the stability of tapping mode operation. 
Therefore, it is generally more desirable to have the ratios of 
the resonance frequencies slightly below an integer value. For 
example, if the 10th harmonic is to be matched with a resonance 
of the cantilever it is better to have the ratio of the resonance 
frequency of the particular mode to be tuned to the fundamental 
mode somewhere between 9.95 and 10.0. In this manner, the 
cantilever can be driven at a frequency slightly below the 
fundamental frequency whose 10th harmonic matches with the higher 
order resonance frequency. 

[0038] Alternately, the cantilever can be driven at a driving 
frequency slightly above the fundamental resonance frequency but 
still be within the resonance peak. Such a condition on the drive 
frequency increases the influence of the attractive forces 
between the tip and the sample. This way, it is possible to avoid 
repulsive tip-sample forces which might be destructive to soft 
and delicate samples. In order to obtain resonant enhancement of 
a higher harmonic under this condition, the ratios of a higher 
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order resonance frequency and the fundamental frequency has to be 
slightly above the integer ratio. 

[0039] According to yet another aspect of the present 
invention, a cantilever for use in an atomic force microscope 
suppresses unwanted harmonic generation to improve resolution. 
The cantilever suppresses unwanted harmonic generation by placing 
the probe tip near the location of a node of the unwanted 
harmonic so that resonance of that harmonics will not be excited, 
as will be described in more detail below. 

[0040] According to yet another aspect of the present 
invention, a cantilever for use in an atomic force microscope 
detects tip sample engagement by monitoring the amplitude of the 
higher harmonics signals. Rapid detection of tip-sample contact 
can be made, as will be described in more detail below. 

[0041] TM-AFM Operational Theory 

[0042] In TM-AFM, the cantilever is vibrated at its 
fundamental resonance frequency with sufficiently large 
amplitudes (10-100 nm) to avoid sticking to the sample surface. 
The distance between the sample surface and the rest position of 
the tip is kept shorter than the free vibration amplitude so that 
tip hits the surface once every period. Therefore, the amplitude 
of the cantilever vibration is reduced to the tip-sample 
separation. The duration of the intermittent contacts can be as 
long as 15 % of the oscillation period, depending on the hardness 
of the sample. On softer samples, the tip can indent the sample 
surface more and spend more time in contact. Other than the 
repulsive forces that appear when the tip indents the surface, 
there are also attractive forces between the tip and the sample. 
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The origins of these attractive forces are mainly the capillary 
forces and Van der Waals forces. They appear when the tip gets 
closer to the surface. An illustration of the interaction forces 
and tip displacement is given in Figure 3. The tip position with 
respect to sample surface (dashed line) is shown in Figure 3 (a) . 
Negative tip displacement means that tip indents the sample 
surface. Figure 3(b) illustrates the tip-sample interaction 
forces. In general, the attractive forces are higher when the tip 
retracts. This is either due to a hysteresis in Van der Waals 
forces or due to formation and disruption of a liquid neck. 

[0043] The periodic nature of tip-sample forces results in 
higher order Fourier components (harmonics) which have 
frequencies exactly at the integer multiples of the vibration 
frequency of the cantilever. The magnitudes of these harmonics 
mainly depend on the contact time and peak force. For 
illustrative purposes, the sample is modeled as a linear spring 
and the attractive forces were neglected. Then, the interaction 
forces become a clipped sine wave. Figure 4 plots the magnitudes 
of the tip sample interaction forces and the corresponding 
Fourier spectrum of forces for 4% (Figure 4 (a) ) , 8% (Figure 
4(b)), and 12% (Figure 4(c)) contact times. The three different 
contact times, 4%, 8% and 12% correspond to hard medium and soft 
samples. In order to compare the three different cases, it is 
assumed that the average force (0th order Fourier component) is 
same in all of them. Then, the magnitudes of the harmonics are 
normalized to the 0th order Fourier component. The plots in 
Figure 4 show that the higher order components, especially the 
ones around 15th harmonic, depend highly on the contact time. 
Therefore, one can argue that in TM-AFM the information about the 
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sample elasticity is in the higher harmonics of the tip sample 
interaction forces. 

[0044] The higher harmonics are all driven by the forces 
acting on the cantilever tip. The actual cantilever displacements 
at these frequencies therefore depend on the transfer function of 
the cantilever relating displacement to the tip force. That is, 
the higher harmonic forces, which have frequencies close to 
resonances of the cantilever, will generate larger vibration 
amplitudes. Figure 5 is the transfer function of a typical AFM 
rectangular cantilever whose fundamental resonance frequency is 
normalized to 1. The higher harmonics that are closest to the 
resonance peaks are marked with cross marks on the curve. Typical 
quality factors of each resonance are on the order of several 
hundreds. Since the resonances of the cantilever are very sharp, 
only the harmonics that are close enough to the resonance 
frequency can excite that resonance. Normally the resonance 
frequencies of commercially available cantilevers are arbitrary 
and the frequencies of the higher harmonic forces are not close 
to the resonance frequencies of the cantilever. Therefore, the 
higher order resonances of the cantilever are not efficiently 
excited. 

[0045] Harmonic Cantilever 

[0046] In accordance with principles of the present invention, 
a micromachined harmonic cantilever mechanically amplifies 
signals at higher harmonics so that the higher harmonics signals 
can be used to reconstruct the tip-sample interaction forces. The 
harmonic cantilever of the present invention has been 
demonstrated to be capable of amplifying the signals at higher 
harmonics about 10-20 dB. Thus, the harmonic cantilever of the 
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present invention can be used to image elastic properties of 
materials. Specifically, the harmonic cantilever of the present 
invention enables practical and non-destructive measurement of 
elasticity on both soft and hard samples with a good accuracy by 
enhancing the non-linear energy transfer to higher harmonics in 
TM-AFM. Furthermore, the harmonic cantilever of the present 
invention has been demonstrated to enable detection of stiffness 
variations of less than 1% which represents a marked improvement 
over traditional TM-AFM using conventional cantilevers. 

[0047] According to one embodiment of the present invention, a 
harmonic cantilever for use in a TM-AFM is shaped to tune the 
ratio of the fundamental resonance frequency and a selected 
higher-order resonance frequency to an integer value or near 
integer value, such as within 2.0% of the nearest integer value. 
Tuning the frequency ratio can be accomplished by tuning the 
fundamental resonance frequency or tuning the selected higher- 
order resonance frequency so that the two frequencies have an 
integer ratio or near integer ratio. In one embodiment, the 
harmonic cantilever is provided with a specific shape to tune the 
fundamental resonance frequency to be an integer divisible of the 
resonance frequency of the selected higher order mode. In 
another embodiment, the harmonic cantilever incorporates one or 
more geometric features to tune the resonance frequency of the 
fundamental mode or the higher-order mode of the cantilever. The 
resonance frequency of the selected higher order mode is tuned to 
match an integer multiple of the fundamental resonance frequency 
of the cantilever. In this manner, the vibration amplitude at 
higher harmonics is increased and the signals at the higher 
harmonics can be advantageously employed for detecting material 
properties of the sample under test. 
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[0048] In TM-AFM, the time that the tip remains in contact 
with the sample is typically 5-10% of the main period. This time 
corresponds to the periods of 10 th to 2 0 th harmonics of the 
driving frequency which is the fundamental resonance frequency of 
the cantilever. Higher harmonics which have resonance frequencies 
in this range are very sensitive to the tip sample interaction 
forces. The third resonance mode of the cantilever, which has a 
resonance frequency around 15f 0 -20f 0 , is therefore very suitable 
for imaging. In one embodiment, a harmonic cantilever includes 
geometric features so that a third order flexural resonance 
frequency is matched to the 16th harmonic of the fundamental 
resonance frequency. Because the 16th harmonic is very sensitive 
to contact time variations, as illustrated in Figure 4, such a 
harmonic cantilever can be used to derive information about 
sample elasticity and to provide such information at higher 
resolution than it is possible with conventional AFM cantilevers. 

[0049] Two fundamental quantities that determine the resonance 
frequency are the effective mass and the effective spring 
constant of the cantilever. In accordance with the present 
invention, geometric features, in the form of mass modifiers, are 
applied to either change the effective mass or change the 
effective spring constant of the cantilever. By appropriately 
removing mass from or adding mass to regions where the cantilever 
has high mechanical bending stress in a specific harmonic mode 
(fundamental or higher order) , the resonance frequency of that 
mode can be tuned. For instance, the resonance frequency of a 
higher order mode can be tuned to be an integer multiple of the 
fundamental resonance frequency by introducing geometric 
features. More specifically, when a cantilever is vibrated at one 
of its higher order modes, the points where the curvature of the 
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mode shape is a maximum or where the displacement is at a maximum 
are the points of stress accumulation. The geometric features are 
thus applied to locations of stress accumulation to modify the 
effective mass and/or the effective spring constant of the 
cantilever in order to tune the resonance frequency of the higher 
order modes. Of course, the geometric features can also be 
applied to locations of stress accumulation of the fundamental 
mode to tune the fundamental resonance frequency. 

[0050] The vibrating cantilever can be described by a harmonic 
model where a point mass attached to an elastic spring is driven 
at or near one of the resonance frequencies. Figure 6 illustrates 
the mode shapes of the 1st, 2nd, and 3rd modes of the 
conventional rectangular cantilever of Figure 2. The resonance 
frequencies of the second and third order modes are located at 
6.4f 0/ and 17.6 f 0 , where f 0 is the first resonance frequency. To 
obtain efficient excitation, the resonance frequencies should be 
in the ranges of 6±0.01 and 17±0.02 times the fundamental 
resonance frequency . 

[0051] Figure 7 illustrates a harmonic cantilever according to 
one embodiment of the present invention. Referring to Figure 7, a 
harmonic cantilever 10 is a rectangular cantilever and includes a 
first geometric feature 12 and a second geometric feature 14 in 
the form of mass removal regions. Geometric features 12 and 14 
are formed as notches along the sides of the cantilever arm. The 
geometric features operate to reduce the width of the cantilever 
arm at a given location. Specifically, first and second geometric 
features 12, 14 are located at the highly curved region of the 
third mode of the rectangular cantilever. In one embodiment, the 
first and second geometric features are located approximately 1/3 
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of the total length away from the free end of the cantilever. The 
amount of mass removal can be determined by simulation, such as 
by use; of numerical analysis to determine the harmonics and the 
resonance frequencies of the cantilever. The width reduction 
provided by mass modifications 12 and 14 changes the effective 
spring constant and effective mass of the cantilever and thereby 
reduces the elastic energy and the resonance frequency of the 
third mode of cantilever 10. 

[0052] Figure 8 illustrates the first three flexural mode 
shapes of harmonic cantilever 10 of Figure 7. As can be observed 
from Figure 8, first and second geometric features 12, 14 are 
located at one of the curved regions of the third mode. The 
location does not correspond to a highly curved region in the 
first two modes. Therefore, the effect of the mass modification 
in reducing the elastic energy is more prominent in the third 
mode than in the first and second modes. Since removal of mass 
changes the mass distribution of the cantilever, the removal of 
mass also affects the kinetic energies or the effective mass in 
each mode. In the present embodiment, when the mass is removed 
from the curved region of the third flexural mode as shown in 
Figure 7, variations in the elastic energy is more significant 
than in kinetic energy. This is because at the location of the 
mass modification, both the first and the third modes have 
similar displacements. However, the curvature in the third mode 
at that location is much higher than the curvature in the first 
mode. The second mode is minimally affected because the location 
of the mass modification is close to a node of the second mode 
where the curvature and the displacement are both small. In one 
embodiment, harmonic cantilever 10 has a resonance frequency of 
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the third order mode at 17.002f 0 which is closer than what is 
required for successful excitation of the third mode. 

[0053] In sum, the elastic energy corresponds to the effective 
spring constant of a mode while the kinetic energy corresponds to 
the effective mass of a mode. When the mass at a highly curved 
region of the cantilever for a particular mode is modified, the 
elastic energy and thus the effective spring constant are 
modified. When the mass at a large displacement region of the 
cantilever for a particular mode is modified, the kinetic energy 
and thus the effective mass are modified. The effective mass or 
the effective spring constant can be individually or jointly 
modified in order to tune the resonance frequency of a specific 
high order mode. It is important to note that a change in the 
effective mass of the cantilever, such as by reducing the width 
as certain locations, also affects the effective spring constant. 
Therefore, locations where the geometric features are placed 
should be selected with consideration for changes in the 
effective mass and/or the effective spring constant. 

[0054] Furthermore, when a geometric feature is applied to 
remove mass at a highly curved region of a fundamental or higher 
order mode of the cantilever, the resonance frequency for that 
mode is reduced. When a geometric feature is applied to remove 
mass at a high displacement region of a fundamental or higher 
order mode of the cantilever, the resonance frequency for that 
mode is increased. When a geometric feature is applied to add 
mass to a highly curved region of a fundamental or higher order 
mode of the cantilever, the resonance frequency for that mode is 
increased. When a geometric feature is applied to add mass to a 
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high displacement region of a fundamental or higher order mode of 
the cantilever, the resonance frequency for that mode is reduced. 

[0055] By applying the appropriate geometric features, the 
harmonic cantilever of the present invention matches the higher 
order resonance frequencies to integer multiples of the 
fundamental resonance frequency. Thus, the harmonics generated 
during the tip-sample contact will efficiently excite the 
corresponding resonance . 

[0056] Figure 9 illustrates a harmonic cantilever according to 
another embodiment of the present invention. Referring to Figure 
9, harmonic cantilever 2 0 includes a geometric feature 22 in the 
form of a mass removal^region. Geometric feature 22 is formed in 
the shape of an opening in the body of the cantilever arm. In the 
present embodiment, opening 22 is placed at a highly curved 
region of the third flexural mode of the cantilever. In one 
embodiment, opening 22 is located approximately 1/3 of the total 
length away from the free end of the cantilever. Geometric 
feature 22 (or opening 22) operates in the same manner as notch 
geometric features 12, 14 of cantilever 10 of Figure 7. That is, 
by removing mass using opening 22, the elastic energy at a highly 
curved region of the third mode is reduced, thus the effective 
spring constant of the third mode is also reduced. Opening 22 
also serves to modify the kinetic energy by reducing the 
effective mass for the third mode. The use of opening 22 as a 
geometric feature enables cantilever 20 to be more stable in 
terms of torsional vibrations. 

[0057] In one embodiment, harmonic cantilever 20 has a width 
of 50 urn, a length of 300um and a thickness of 2.2 urn. The 
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rectangular opening is 22 by 18 um and centered 190 um away from 
the cantilever base. 

[0058] Figure 10 illustrates the process steps for forming 
harmonic cantilever 2 0 of Figure 9 according to one embodiment of 
the present invention. In the present embodiment, the fabrication 
process of harmonic cantilever 20 is a three-mask process. 

[0059] Referring to Figure 10, the cantilever is formed on an 
SOI wafer including a base silicon layer 100, an oxide layer 102 
and a device layer 104 (insert (b) ) . The device layer can be a 
silicon layer or a silicon nitride layer. Then, a tip mask is 
applied to the SOI wafer to define an area where the probe tip of 
the cantilever is to be formed (inserts (a) and (b) ) . The tip 
mask pattern is applied to an oxide/nitride hard mask 106 formed 
on device layer 104. The wafer structure is subjected to a plasma 
etch (insert (c) ) to form the probe tip. The probe tip is 
subsequently oxide sharpened (insert (d) ) . 

[0060] A second mask is applied to define the cantilever 
geometry (insert (e) ) . In the present embodiment, the second mask 
defines opening 22 to be formed in the body of the cantilever 
arm. The cantilever pattern is transferred to an oxide/nitride 
mask 108 by plasma etch and buffered oxide etch. Then, the 
cantilever is formed by plasma etching device layer 104 (insert 
(f ) ) . The front and back side of the wafer is then covered with 
nitride layers 109 and 110, respectively (insert (g) ) . The wafer 
back side is patterned using a third mask and a KOH etch (insert 
(h) ) . After etching through the wafer, the cantilever is released 
by removing the protective top-side nitride layer 109 using 
plasma etching and removing the oxide in a buffered oxide etch 
(insert (i) ) . 



[0061] In one embodiment, the probe tip. can be coated with a 
diamond coating material and diamond-like carbon coating 
material . 

[0062] Experimental Results 

[0063] Experiments using harmonic cantilever 20 of Figure 9 
were performed using a commercial AFM system (Dimension 3100, 
Nanoscope III, Veeco, Santa Barbara, CA) equipped with an 
external RF lock-in amplifier (SR844) . An external lock-in 
amplifier is used to detect the signals at the 16 th harmonic of 
the driving frequency. Additionally, a spectrum analyzer is used 
to monitor the vibration spectrum of the cantilever. 

[0064] Figure 11 is the vibration spectrum of the harmonic 
cantilever of Figure 9 in tapping-mode AFM. The cantilever is 
driven at its fundamental resonance frequency (37.4 KHz), and 
higher-harmonics generation is observed. The 6th (240 KHz) and 
16th (598 KHz) harmonics coincides with higher resonance 
frequencies of the harmonic cantilever and thus have relatively 
large signal power. In particular, the 16 th harmonic has 
relatively higher signal level compared to its neighbors. That is 
because the frequency of that particular harmonic matches the 
third resonance frequency of the harmonic cantilever. 

[0065] Figure 12 is the spectrum of the vibrations of the 
harmonic cantilever around the 15 -17 th harmonics of the driving 
frequency in tapping-mode atomic force microscopy. In the plot of 
insert (a) , the 16 th harmonic is exactly equal to the third 
resonance frequency of the cantilever, recorded at 300 Hz 
bandwidth. In the plot of insert (b) , the 16 th harmonic is 
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slightly less than the third resonance frequency (596 KHz instead 
of 598 KHz) , recorded at 1 KHz bandwidth. 



[0066] In Figure 12, the spectrum around the 15 th to 17 th 
harmonics is given when third resonance frequency is exactly 
equal to 16 times the driving frequency (insert (a) ) and when 
there is a slight mismatch (insert (b) ) . By comparison of the 
signal strength at 16th harmonics of the signal in insert (a) and 
the signal in insert (b) , it can be observed when the harmonic 
cantilever has a higher order resonance frequency that matches 
the integer multiple of the driving frequency, the harmonic 
cantilever can improve the higher-harmonic signal by 15-20dB. 

[0067] Alternate Embodiments 

[0068] Figures 7 and 9 illustrate two embodiments of the 
harmonic cantilevers of the present invention. The use of notches 
and a square opening for the geometric features is illustrative 
only. The geometric features, in the form of mass modifiers, can 
take numerous other forms for the purpose of changing the 
geometry of the harmonic cantilever in order to achieve the 
desired resonance frequency for the specific high order mode. 
Figures 13-19 illustrate harmonic cantilevers incorporating 
different forms of geometric features according to alternate 
embodiments of the present invention. 

[0069] First, the geometric features used to alter the 
geometry of the cantilever for tuning the resonance frequency can 
assume any shape. Referring to Figure 13, harmonic cantilever 30 
includes a geometric feature 32, as a mass removal region, formed 
in the shape of a circle for removing a desired amount of mass 
from the body of the cantilever arm. Other shapes, such as a 
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rectangle or a pentagon, can also be used. The specific shape of 
the mass removal region is not critical to the practice of the 
present invention. In fact, any shape can be used to facilitate 
the removal of the desired amount of mass. 

[0070] Second, the geometric features can be formed as a mass 
addition region for adding mass to the harmonic cantilever for 
the purpose of tuning the resonance frequency. The geometric 
features for adding mass can assume any shape. Referring to 
Figure 14, harmonic cantilever 40 includes geometric features 42 
and 44 positioned near the base of the cantilever arm as mass 
additional region. Geometric features 42 and 44 introduce mass to 
the fixed end of the cantilever end and have the effect of 
altering the effective spring constant of the cantilever. 
Alternately, the geometric features can be added along the body 
of the cantilever arm, as illustrated by harmonic cantilever 50 
of Figure 15. For instance, geometric features 52 and 54 in 
harmonic cantilever 50 can be located at a high curved point of 
the third mode of the cantilever. 

[0071] In the embodiments shown in Figures 14 and 15, the 
geometric features for adding mass to the cantilever are 
configured in a plane parallel to the cantilever body. Thus, the 
width of the cantilever is enlarged at certain regions. In other 
embodiments, the geometric features for adding mass can also be 
configured in a plane perpendicular to the cantilever body, as 
shown in Figure 16. In this configuration, the thickness of the 
cantilever is increased at certain regions. Alternately, as 
shown in Figure 19, the geometric feature can be formed as a mass 
addition region 66 for adding mass to the cantilever arm on the 
same plane as the probe tip. 



- 24 - 



[0072] In the above descriptions, the harmonic cantilevers of 
the present invention have been shown as a rectangular 
cantilever. The use of a rectangular cantilever is illustrative 
only. The harmonic cantilever of the present invention can be 
formed as other types of harmonic cantilever, such as a V-shaped 
cantilever. Figure 17 illustrates a harmonic cantilever 
according to another embodiment of the present invention. 
Referring to Figure 17, a harmonic cantilever 56 is formed by two 
parallel cantilever arms. Geometric features 58 and 59 as mass 
removal regions are applied to the respective cantilever arms to 
tune the resonance frequency of a selected higher-order mode to 
an integer multiple of the fundamental resonance frequency. 
Figure 18 illustrates a harmonic cantilever according to yet 
another embodiment of the present invention. Referring to Figure 
18, harmonic cantilever 60 is formed as a V-shaped cantilever. 
The probe tip for cantilever 60 is not shown in Figure 18 but is 
usually located near the free end of the cantilever arm. In 
harmonic cantilever 60, the length of the free end region, 
indicated by the double-ended arrow 62, can be modified to tune 
the resonance frequencies of the cantilever to achieve an integer 
ratio of the fundamental and higher-order resonance frequencies. 

[0073] According to another embodiment of the present 
invention, a harmonic cantilever can be designed to have a 
specific ratio of length (from the fixed end to the free end) to 
width so that the resonance frequency of a higher order mode 
matches the integer multiple of the fundamental resonance 
frequency. Specifically, because the ratio of the length to width 
of a cantilever determines the effective spring constant of the 
cantilever, a specific ratio of length to width can be selected 
to provide the desired resonance frequency for the desired mode. 
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[0074] According to another embodiment of the present 
invention, a harmonic cantilever incorporates an electrostatic 
actuator for modifying the effective spring constant of the 
cantilever. Figure 20 illustrates a harmonic cantilever according 
to one embodiment of the present invention. Referring to Figure 
20, harmonic cantilever 70 includes an electrode 72 formed on a 
top surface of the cantilever body. An electrode 78 external to 
the cantilever is used to apply an electric field between 
electrodes 72 and 78 for the purpose of altering the effective 
spring constant of cantilever 70. Figure 20 illustrates one 
configuration in which electrostatic can be used to alter the 
geometry and ultimately the effective spring constant of the 
harmonic cantilever. Other configurations of an electrostatic 
actuator can also be used. 

[0075] Dynamic Imaging Mode 

[0076] By facilitating imaging at higher harmonics, the 
harmonic cantilever of the present invention enables quantitative 
imaging of local mechanical properties. Specifically, the 
harmonic cantilever of the present invention can be used to 
realize tapping-mode atomic force microscopy for detecting a 
higher harmonic of the cantilever vibrations during tip-sample 
contact, which signals at higher harmonics carry information 
relating to the sample material properties, such as elasticity. 

[0077] In one embodiment, a harmonic cantilever of the present 
invention is oscillated at or near one of its resonance 
frequencies. Usually, the driving frequency is the fundamental 
resonance frequency, that is, the resonance frequency of the 
lowest oscillation mode of the cantilever or slightly below the 
fundamental resonance frequency. The harmonic cantilever 



incorporates geometric features for tuning the fundamental 
resonance frequency or the resonance frequency of a higher order 
mode so that the resonance frequency of the higher order mode is 
an integer multiple of the fundamental resonance frequency. For 
instance, in the present embodiment, the third order flexural 
resonance frequency is matched to the 16th harmonic of the 
fundamental resonance frequency. 

[0078] The harmonic cantilever, being driven at the driving 
frequency, is brought to the vicinity of the sample to create 
intermittent contacts with the sample while the cantilever is 
oscillating. During imaging, the signal to be measured is not 
only the amplitude and phase of the oscillations at the driving 
frequency but also the amplitude and phase of a higher harmonic 
corresponding to the higher order mode whose frequency is matched 
to an integer multiple of the oscillation frequency. For example, 
the amplitude and phase of the third order can be measured as it 
is matched to the 16th harmonic of the oscillation frequency. In 
other embodiments, if two or more of the higher order modes have 
integer matched resonance frequencies, then all of those signals 
can be used to increase the quality and accuracy of the images. 
The harmonic cantilever of the present invention is capable of 
filtering and amplifying a desired harmonic of the interaction 
forces between the tip and the sample to enable the effective use 
of the higher order responses of the cantilever when driven at 
the fundamental resonance frequency. 

[0079] It is generally understood that phase is a relative 
quantity and the measurement of phase variations requires a 
reference signal of the same frequency. In general, the 
reference signal at the frequency of the resonant harmonic signal 
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could be either a signal that is 'phase matched' to the driving 
signal or phase matched to the cantilever vibration at the 
driving frequency. Phase matched means that if one signal has a 
frequency that is an integer multiple of the other, once in every 
period of the low frequency signal, the two signals have the same 
angle. For example, for two signals cos(t) and cos(15t+9) that 
are phase matched, at t= 0, 2n, 4n, 6n, and so on, one signal is 
always equal to 1 and the other signal is always equal to cos (9). 
But between these times, the low frequency signal makes one cycle 
and the high frequency signal makes 15 cycles. 

[0080] In one application, the amplitude or phase measured at 
high frequency can be used in a feedback loop so that the 
amplitude or phase of the harmonic cantilever is constant during 
the scan. Based on the amplitude or phase measured, the feedback 
loop either adjusts the driving voltage (free amplitude) or tip- 
sample equilibrium separation (set-point amplitude) to keep the 
phase or amplitude constant. 

[0081] Suppression of Harmonic Generation 

[0082] In dynamic atomic force microscopy, tip sample 
interaction results in generation of harmonics of the tip 
vibration. Although this can be useful for measuring material 
properties and obtaining better images with higher-harmonics, 
some of the harmonics can pose problems to the stable motion of 
the cantilever. For example, when the probe tip hits strongly to 
a surface in tapping-mode, the harmonics around the second 
resonance of the cantilever are excited. 

[0083] According to on aspect of the present invention, a 
cantilever for use in a TM-AFM is configured to suppress unwanted 
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harmonics while preserving useful harmonics. Specifically, the 
probe tip is placed at a location where the unwanted harmonics 
has minimum displacement. In one embodiment, the probe tip is 
placed close to the node of the unwanted harmonics, such as the 
second resonance mode shape. Figure 21 illustrate a cantilever 
where the probe tip is placed at a location operative for 
suppressing the unwanted second resonance mode. By placing the 
probe tip at a location where the second harmonic has minimum 
displacement, the unwanted harmonics will not be excited by the 
cantilever vibration. However, other modes that do not have a 
node at the probe tip location will be excited. In this manner, 
higher forces can be applied to the surface without disturbing 
the periodic and stable cantilever motion. 

[0084] Using High Harmonic Signals as Amplitude Feedback 

[0085] According to another aspect of the present invention, a 
method for providing precision amplitude control of a cantilever 
in a TM-AFM is disclosed. In one embodiment, the harmonic 
cantilever of the present invention, having the ratio of the 
fundamental frequency and a higher order resonance frequency 
tuned to an integer value, is used in a TM-AFM for providing an 
amplitude feedback signal. The harmonic cantilever is driven at 
or near the fundamental resonance frequency and the signals at 
higher order harmonics are measured as a feedback signal to 
control the amplitude of the harmonic cantilever relative to the 
sample being tested. Because the higher harmonic signals are of 
higher frequencies, the higher harmonic signals are more 
sensitive to surface topology changes and a faster response in 
amplitude adjustment can be realized. By using the harmonic 
cantilever of the present invention and the amplified higher 
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harmonic signals derived therefrom for amplitude adjustment, more 
precision surface topology measurement can be achieved. For 
example, sharp edge and large surface variations can be readily 
and precisely detected. 

[0086] Detecting Tip -Sample Engagement 

[0087] According to another aspect of the present invention, a 
method for operating a cantilever in a TM-AFM for improved 
detection of the tip-sample contact is disclosed. As is well 
known in the art, a major difficulty with operating an AFM 
instrument is bringing the cantilever to the vicinity of the 
sample surface. It is often very difficult to detect if the 
cantilever is brought too close to the sample surface. In 
accordance with a method of the present invention, the higher 
harmonics of the cantilever motion is monitored as the cantilever 
is brought near the sample surface. When the tip of the 
cantilever hits the sample surface, higher harmonic vibrations 
appear. The higher harmonic vibration signals are used 
advantageously to enable rapid detection of the occurrence of 
tip-sample engagement. 

[0088] In one embodiment, the cantilever arm of a cantilever 
is lowered to the sample surface while the amplitude of the 
cantilever vibrations at a higher harmonic of the driving 
frequency is measured. The cantilever arm is lowered until an 
increase in the amplitude of the higher harmonic vibrations is 
detected. In this manner, rapid and precise detection of tip- 
sample engagement is achieved. 

[0089] The higher harmonic used for the detection of the tip- 
sample engagement can be chosen such that the selected harmonic 
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is close to a resonance frequency of the cantilever. The 
cantilever can be any conventional cantilevers. In one 
embodiment, the cantilever is a harmonic cantilever of the 
present invention described above. In this case, the selected 
higher harmonic can be at a resonance frequency that is integer 
matched to the fundamental resonance frequency. 

[0090] The above detailed descriptions are provided to 
illustrate specific embodiments of the present invention and are 
not intended to be limiting. Numerous modifications and 
variations within the scope of the present invention are 
possible. The present invention is defined by the appended 
claims . 
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